We consider models with the U (1)X gauge symmetry, which is spontaneously broken by dark Higgs mechanism. We discuss patterns of the electroweak phase transition and detectability of gravitational waves (GWs) when strongly first order phase transition (1stOPT) occurs. It is pointed out that the collider bounds on the properties of the discovered Higgs boson exclude a part of parameter space that could otherwise generate detectable GWs. We find that GWs produced from multi-step PT can be detected at future observations such as LISA and DECIGO if the dark photon mass is m X > ∼ 25 GeV with the U (1) X gauge coupling being g X > ∼ 0.5. In addition, we show that most of the parameter regions can be covered by precision measurements of various Higgs boson couplings and direct searches for the singlet scalar boson at future collider experiments. Furthermore, we expect the complementarity of the detection of GW observations from the strongly 1stOPT, collider bounds and dark photon searches in the models of the dark gauge symmetry.
I. INTRODUCTION
In models extended from the standard model (SM) Higgs sector, strongly first order phase transition (1stOPT) can be realized. We emphasize that the nature of electroweak phase transition (EWPT) can be probed by exploring the Higgs sector at ongoing and future experiments. Models predicting significant deviations in various Higgs boson couplings can be tested at the LHC [2] as well as at future lepton colliders including, the International Linear Collider (ILC) [3] , the Compact Linear Collider (CLIC) [4] and the Future Circular Collider of electrons and positrons (FCC-ee) [5] .
On the cosmological side, the strongly 1stOPT that occurs in the early Universe produces stochastic gravitational waves (GWs). In future, planned space-based interferometers such as LISA [6] , DECIGO [7] and BBO [8] will survey GWs in the millihertz to decihertz range, which is the typical frequency of GWs from the 1stOPT at the electroweak scale.
Among various extensions of the Higgs sector, we here focus on a model with gauged dark U (1) X symmetry including the U (1) gauge kinetic mixing term. In general, U (1) extended models are also testable at various experiments for the dark photon search.
II. MODEL WITH DARK U (1)X GAUGE SYMMETRY
We consider a model with a dark sector where the U (1) X Abelian gauge symmetry is spontaneously broken by the so-called dark Higgs mechanism. We introduce a complex scalar S with U (1) X -charge Q X and the U (1) X gauge field (dark photon) X 0 µ . In generic, there appears the gauge kinetic mixing term between the U (1) X gauge boson X 0 µ and the hypercharge U (1) Y gauge boson B µ [9] , and the Lagrangian is given by (e.g. Ref. [10] )
where
µ , and the covariant derivative is defined as
Here, the Higgs potential is given by We normalize the U (1) X charge of S, Q S ≡ Q X (S); Q S = 1. Since the viable parameter range for ǫ is too small to affect PT [10] , we focus on the rest six parameters, i.e. µ 2 Φ , µ 2 S , λ Φ , λ S , λ ΦS and g X . After the EW symmetry breaking, the two Higgs multiplets can be expanded as Φ = (w + , 
The couplings of h is normalized by the corresponding SM ones are universally given by
III. NUMERICAL RESULTS
In Fig. 1 , various types of multi-step PT that predict first order EWPT are marked with colored plots. The gray plots are insensitive at future GW observations, LISA [20] and DECIGO [7] . We find that there are still detectable regions satisfying the current collider constraints shown below.
The measurements of the Higgs boson decay into weak gauge bosons give constraints on the hV V couplings as κ Z = 1.03
−0.11 and κ W = 0.91 +0.10 −0.10 from the ATLAS and CMS combination of the LHC Run-I data (68% CL) [12] . In our numerical analysis, we take the 68% CL bound κ Z > 0.92 as the lower bound on the mixing angle, namely |θ| ≤ 23.1
• . The exclusion limits from the direct searches for the H boson at the LEP and LHC Run-II are examined in Ref. [13] . We will show that a large portion of the model parameter space where strongly 1stOPT and detectable GW signals are possible is excluded by the collider bounds on the Higgs bosons discussed above.
The expected accuracy of the measurements of the Higgs boson couplings are also displayed in Fig. 1 as follows. The high-luminosity (HL)-LHC with √ s = 14 TeV and L = 3 ab −1 can constrain ∆κ V with an accuracy of 2% [2] . Future e + e − colliders can considerably ameliorate the precision. The stage of the ILC with √ s = 250 GeV and L = 2 ab −1 can limit ∆κ W to 1.8% and ∆κ Z to 0.38% [14] . In addition, the limit obtained from direct searches for the H-boson at future colliders are discussed in Ref. [15] for the small mass region and in Ref. [16] for the large mass region.
In Fig. 2 , our numerical results about the EWPT and GW signals for the six benchmark points are defined. Scanning the parameter region with the collider bounds on the Higgs boson properties into consideration, we have found that GW signals are detectable only for larger dark photon mass, say m X > ∼ O(25 − 100) GeV. As shown in Ref. [17] , the recent data from LHCb [18] and LHC Run-II [19] give constraints on ǫ, which is roughly smaller than 10 −2 at least, for the mass regions 10.6 GeV < m X < 70 GeV and 150 GeV < m X < 350 GeV, respectively. It is also shown that the mass region 20 GeV < m X < 330 GeV can be constrained at future lepton colliders in Ref. [17] . We expect that 1stOPT with such a heavy dark photon will be tested by synergy between future GW observations and dark photon searches.
IV. CONCLUSIONS
We have comprehensively explored models with a dark photon whose mass stems from spontaneous U (1) X gauge symmetry breaking by the nonzero VEV of the dark Higgs boson S in light of the patterns of PT and the detectability of GWs from strongly 1stOPT as well as various collider and theoretical bounds. After imposing these constraints on the model parameter space, we have found that GWs produced from multi-step PT can be detected at future observations such as LISA and DECIGO, if the dark photon mass is m X > ∼ 25 GeV with the U (1) X gauge coupling being g X > ∼ 0.5. We have found that the parameter regions predicting detectable GWs are covered by the measurement of κ at future colliders including the HL-LHC and ILC.
